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Restoration of Thymocyte Development
and Function in zap-702/2 Mice
by the Syk Protein Tyrosine Kinase
Qian Gong,*² Lynn White,*³§ Robin Johnson,*§ al., 1996). Hence, both Lck and Fyn play overlapping
functional roles in pre-TCR function.Mike White,*³ Izumi Negishi,‖ Matthew Thomas,*³§
The Syk family of PTKs, consisting of ZAP-70 andand Andrew C. Chan*²³§#
Syk, has also been implicated inboth T cell development*Center for Immunology
and function. The expression of both ZAP-70 and Syk²Division of Rheumatology
in all stages of thymocyte development has suggestedDepartment of Medicine
a potential role for these two PTKs in both pre- and ab-³Department of Pathology
TCR function (Chan et al., 1994c). Mice deficient in zap-§Howard Hughes Medical Institute
70 or expressing a catalytically inactive ZAP-70 haveWashington University School of Medicine
increased numbers of DP thymocytes and no CD41 orSt. Louis, Missouri 63110
CD81 single-positive (SP) T cells (Negishi et al., 1995;‖Nippon-Roche Research Center
Wiest et al., 1997). Surprisingly, neither zap-702/2 norKanagawa Pref., 247
syk2/2 mice exhibits any significant defect in the devel-Japan
opment of DP TCRlo thymocytes (Cheng et al., 1995;
Negishi et al., 1995; Turner et al., 1995). Hence, ZAP-70
and Syk either play no role or can partially compensateSummary
for each other in pre-TCR function. In addition, the in-
ability of Syk alone in zap-702/2 mice to promote theThe Syk family of protein tyrosine kinases, consisting
development of the DP TCRhi or SP thymocytes hasof ZAP-70 and Syk, associate with the pre- and ab T
raised the possibility that ZAP-70, and not Syk, is re-cell antigen receptors (TCRs) and undergo tyrosine
quired for the development of the more mature T cells.phosphorylation and activation following receptor en-
Humans deficient in ZAP-70 protein develop no CD81gagement. Thymocyte development in zap-702/2 mice
T cells, but have CD41 SP thymocytes and peripheralis blocked at the CD41CD81 TCRlo stage. The presence
T cells (Arpaia et al., 1994; Chan et al., 1994b; Elder et al.,of Syk in the thymus has raised the possibility that Syk
1994; Gelfand et al., 1995). Interestingly, the peripheralmay be able to mediate TCR function. To determine if
CD41 T cells fail to respond to cross-linking of the CD3Syk can play a role in thymocyte development, we
or TCR complexes, despite normal responses to thegenerated zap-702/2 mice expressing a human syk
combination of phorbol esters and ionophore. The abilitycDNA. Syk expression restored both thymocyte de-
of the CD41 T cells to develop in patients with severevelopment and function. In addition, Syk function
combined immunodeficiency has also raised the possi-required the CD45 transmembrane protein tyrosine
bility that Syk may be able to compensate partially forphosphatase. Hence, ZAP-70 and Syk can play over-
the deficiency in ZAP-70 protein during thymocyte de-lapping functions and exhibit similar regulatory mech-
velopment.anisms in mediating ab T cell development.
A critical role for ZAP-70 in TCR function has been
further demonstrated in studies involving altered pep-Introduction
tide ligands (APLs). APLs, which are unable to induce
ZAP-70 phosphorylation and activation, cannot induce
Thymocyte development proceeds through an ordered
TCR-mediated interleukin-2 synthesis (Sloan-Lancaster
series of proliferation and maturation events to give rise
et al., 1994; Madrenas et al., 1995, 1997). The juxtaposi-
first to immature T cells bearing a pre-T cell antigen
tion of CD4/CD8-associated Lck with TCR-associated
receptor (TCR) complex and subsequently to mature T ZAP-70 permits transphosphorylation of Tyr-493 within
cells that bear a diverse repertoire of antigen-specific
the transactivation loop of ZAP-70 by Lck, and results
ab-TCRs (reviewed by von Boehmer, 1992; Malissen
in up-regulation of ZAP-70 kinase activity and permits
and Malissen, 1996; Cheng and Chan, 1997). The Src
downstream signaling functions activated by the TCR
protein tyrosine kinases (PTKs), Lck and Fyn, are re- (reviewed by Cheng and Chan, 1997). Consistent with
quired for both pre- and ab-TCR±generated signals in this view, the absence of functional Lck protein results
thymocyte development (Appleby et al., 1992; Molina in the inability of the TCR to initiate signaling events
et al., 1992; Stein et al., 1992). Mice deficient in lck (Karnitz et al., 1992; Straus and Weiss, 1992). The regula-
demonstrate a substantial, but not absolute, block in tion of Lck is mediated by the balance of the Csk PTK
the transition of double-negative (DN) to double-positive and CD45 protein tyrosine phosphatase (reviewed by
(DP) T cells (Molina et al., 1992). A small proportion of Chan et al., 1994a). T cellsdeficient inCD45 demonstrate
both CD41 and CD81 ab T cells are found in the periph- hyperphosphorylation of the C-terminal negative regula-
ery of lck2/2 mice and demonstrate a partial response to tory tyrosine residue and exhibit marked deficiencies in
TCR activation. While mice deficient in fyn demonstrate TCR-mediated signaling events, including ZAP-70 phos-
normal thymic development (Appleby et al., 1992; Stein phorylation and activation (Pingel and Thomas, 1989;
et al., 1992), the combined deficiency of lck and fyn Koretzky et al., 1990; Iwashima et al., 1994). Moreover,
results in the complete disruption of ab T cell develop- CD45 is also required for thymocyte development.
ment at the DN stage (Groves et al., 1996; van Oers et CD452/2 mice accumulate DP thymocytes, develop few
SP thymocytes, and have dramatically decreased pe-
ripheral T cells (Kishihara et al., 1993; Byth et al., 1996).# To whom correspondence should be addressed.
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Consistent with the idea that CD45 regulates Lck in T cell
activation, both CD45 and Lck are required for normal
thymocyte development and function.
While ZAP-70 requires Src-PTK±dependent activa-
tion, biochemical studies in B, rat basophil leukemia,
insect Sf9, and COS cells have demonstrated that Syk
can undergo Src-dependent activation and Src-inde-
pendent autophosphorylation (Chan et al., 1994c; Kuro-
saki et al., 1994; Rowley et al., 1995; Shiue et al., 1995;
Latour et al., 1996). Indeed, it has been recently reported
that Syk can undergo tyrosine phosphorylation in Lck-
or CD45-deficient cell lines and that expression of Syk
in these cells restored the ability of the TCR to activate
a reporter construct containing the promoter elements
required for the nuclear factor of activated T cells (NF-
AT) (Couture et al., 1994; Chu et al., 1996).
Here, we addressed the ability of Syk to compensate Figure 1. Overexpression of Syk in zap-702/2 Mice
for ZAP-70 in thymocyte development and TCR function (A) Protein analysis of ZAP-70 and HA-Syk. Thymocytes (107 cells/
lane, lanes 1±4) and splenocytes (107 cells/lane, lanes 5±8) wereby expressing a human syk cDNA under the lck proximal
isolated from zap-701/1, zap-702/2, syk Tg1 zap-702/2, and zap-promoter in zap-702/2 mice. In addition, we analyzed
701/2 mice and analyzed by Western blot analysis with an anti-ZAP-whether Syk expression could rescue the defect ob-
70 antiserum (top) or an anti-HA MAb (bottom).served in thymocyte development of CD452/2 mice by
(B) Overexpression of Syk. Thymocytes (107 cells/lane) from Tg1
breeding CD452/2 with Syk Tg1 mice. Finally, we evalu- and Tg2 littermates were analyzed by Western blot analysis with an
ated the role of ZAP-70 in the development of peripheral anti-Syk antiserum (top) and an anti-Cbl antiserum (bottom). The
gd T cells. anti-Syk immunoblot was developed using [125I]protein A, analyzed
using a phosphoimager, and quantitated as described in the Experi-
mental Procedures.Results
Expression and Analysis of zap-702/2 Mice
Expressing a syk Transgene to a standard curve of purified ZAP-70 and Syk isolated
The lck proximal promoter was used to express the from a baculoviral expression system (Chan et al., 1995)
human syk cDNA in the thymus of transgenic mice (Allen revealed that normal thymocytes express an average
et al., 1992). syk Tg1 mice were crossed to zap-702/2 of z18,510 6 4,650 molecules/cell (mean 6 standard
mice to generate syk Tg1 zap-702/2 mice. The human deviation, n 5 4) of ZAP-70 and z7,930 6 2,630 mole-
syk cDNA was appended with a hemagglutinin (HA) epi- cules/cell (mean 6 standard deviation, n 5 4) of Syk.
tope tag to facilitate protein analysis. Expression of en- Hence, the 2.7-fold overexpression of Syk in the thymus
dogenous mouse ZAP-70 and human HA-Syk protein resulted in the expression of a number of Syk molecules
was determined by Western blot analysis for ZAP-70 in syk Tg1 zap-702/2 comparable to the number of ZAP-
(Figure 1A, top) and the HA epitope (Figure 1A, bottom) 70 molecules normally expressed in zap-701/1 mice.
in both thymocyte and splenocyte populations.Whereas Analysis of thymocyte subsets demonstrated that the
zap-701/1 and zap-701/2 mice expressed ZAP-70 pro- HA-Syk was expressed in both DP and SP thymocyte
tein in both thymocytes and splenocytes (Figure 1A, top, populations, although technical limitations prohibited
lanes 1 and 4), no ZAP-70 protein was detected in zap- our analysis of the DN thymocyte population (data not
702/2 or syk Tg1 zap-702/2 thymocytes and splenocytes shown).
(Figure 1A, top, lanes 2, 3, 6, and 7). As expected, zap-
701/2 mice expressed z50% of the level of ZAP-70 pro-
Reconstitution of Thymocyte Developmenttein as zap-701/1 mice. Expression of HA-Syk was de-
by Syk Expressiontected only in the syk Tg1 zap-702/2 mice (Figure 1A,
To determine whether syk could compensate for thebottom). Since the lck proximal promoter principally
absence of zap-70 in T cell development, thymocytesdrives expression during thymocyte development (Allen
and splenocytes were isolated from zap-701/2, zap-et al., 1992), HA-Syk was expressed at higher levels in
702/2, or Tg1zap-702/2 littermates and analyzed for sur-thymocytes than in splenocytes (Figure 1A, bottom,
face expression of CD4, CD8, and CD3. As we havelanes 3 and 7).
previously demonstrated, zap-702/2 mice demonstratedTo determine the relative level of overexpressed HA-
normal numbers of thymocytes that accumulate at theSyk compared to endogenous Syk in thymocytes iso-
CD41CD81TCRlo stage (Negishi et al., 1995). In addition,lated from syk Tg1 zap-702/2 mice, we performed
comparable numbers of thymocytes were found in SykWestern blot analysis with an anti-Syk antiserum that
Tg1 and Tg2 mice. Expression of the syk transgenerecognizes both mouse and human Syk. Syk was ex-
rescued thymocyte development. Both DP and CD41/pressed in syk Tg1 thymocytes at a z2.7-fold greater
CD81 SP populations were present in normal numberslevel than endogenous mouse Syk (Figure 1B, top).
in syk Tg1 zap-702/2 mice (Figure 2A, right top). In addi-Western blot analysis for mouse c-Cbl confirmed that
tion, syk restored expression of CD3 and the mature ab-comparable levels of lysate were analyzed in both sam-
TCR on DP and SP thymocyte populations (Figure 2A,ples (Figure 1B, bottom). Quantitative Western blot anal-
ysis comparing the level expressed in bulk thymocytes bottom, and data not shown). Hence, when expressed
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demonstrated (Negishi et al., 1995), thymocytes from
zap-701/2 or zap-701/1 mice increased [Ca21]i following
incubation of cells with the combination of biotinylated
anti-CD3 (2C11) monoclonal antibody (MAb) and avidin
(Figure 3B). In contrast, thymocytes from zap-702/2 mice
demonstrated a minimal and delayed increase in [Ca21]i
following TCR cross-linking (Figure 3A; Negishi et al.,
1995). Consistent with the ability of syk to restore thy-
mocyte development in zap-702/2 mice, thymocytes
isolated from syk Tg1 zap-702/2 mice demonstrated
increases in [Ca21]i following receptor engagement (Fig-
ures 3C and 3D). Interestingly, increases in [Ca21]i were
detected after incubation of cells with an anti-CD3e MAb
(2C11) alone and did not require additional cross-linking
with avidin. Hence, Syk expression was sufficient to
restore this aspect of TCR-mediated signaling.
While Syk was sufficient to restore proximal signaling
events such as TCR-mediated [Ca21]i mobilization, we
also addressed the ability of Syk to restore distal TCR-
mediated functions. CD69 is an early activation marker
that is up-regulated after cross-linking of the TCR (Testi
et al., 1989). Thymocytes isolated from zap-701/2 mice
demonstrated a 10-fold increase in CD69 expression
following TCR cross-linking (Figure 4, left middle). How-
ever, no increase in CD69 was observed in thymocytes
isolated from zap-702/2 mice (Figure 4, center middle).
In contrast, syk Tg1 zap-702/2 thymocytes also demon-
strated TCR-inducible CD69 expression (Figure 4, right
middle). Treatment of cells with phorbol myristate ace-
tate (PMA), which bypasses the requirement of proximalFigure 2. T Cell Development in Syk-Reconstituted Mice
PTKs and activates protein kinase C, resulted in up-(A) Reconstitution of thymocyte development by the Syk PTK. Flow
regulation of CD69 in thymocytes isolated from all micecytometric analysis of thymocytes from zap-701/2 (left), zap-702/2
(middle), and syk Tg1 zap-702/2 (right) mice. Thymocyte number of (Figure 4, bottom). Similar results were obtained when
all mice was comparable to zap-701/2 mice. Representative fluores- another T cell activation marker, CD5, was analyzed
cence staining profiles of CD4 and CD8 are shown for thymocytes (data not shown).
from littermates (top). A single parameter histogram demonstrates
In addition to early biochemical events ([Ca21]i mobili-the relative levels of CD3 expression (bottom) (n 5 6).
zation) and expression of early cell activation markers,(B) Restoration of splenic T cells by the Syk PTK. Flow cytometric
analysis of splenocytes from zap-701/2 (left), zap-702/2 (middle), we also analyzed the ability of the Syk-reconstituted
and Syk Tg1 zap-702/2 (right) mice. Representative fluorescence thymocytes to undergo proliferation. Thymocytes were
staining profiles of CD4 and CD8 are shown for splenocytes from stimulated with the combination of PMA and immobi-
littermates (top). A single parameter histogram demonstrates the
lized anti-CD3e MAbs and the incorporation of [3H]thymi-relative levels of CD3 expression (bottom) (n 5 6).
dine determined. While thymocytes from zap-702/2 mice
demonstrated no TCR-inducible proliferation, thymocytes
from syk Tg1 zap-702/2 mice proliferated in responseat levels equivalent to endogenous ZAP-70, Syk can
to TCR activation (Figure 5A). Together, these develop-replace ZAP-70 function in thymocyte development.
mental, biochemical, and cellular studies demonstratePeripheral T cells were also restored in syk Tg1 zap-
that Syk can reconstitute the function of ZAP-70.702/2 mice (Figure 2B). Splenocytes from Tg1 zap-702/2
The function of the reconstituted peripheral T cellsmice demonstrated normal emigration of both CD41 and
was also examined. While peripheral T cells expressingCD81 T cells into the periphery. Hence, expression of
wild-type ZAP-70 proliferated in response to the combi-Syk in the absence of ZAP-70 is sufficent to mediate
nation of anti-CD3 and anti-CD28 MAbs or the combina-signals generated through both pre- and ab-TCRs to
tion of PMA and anti-CD3 MAbs, peripheral T cells de-promote T cell development. These studiesalso indicate
rived from syk Tg1 zap-702/2 mice also responded tothat ZAP-70 does not play a unique function, when com-
TCR stimulation. However, consistent with the de-pared to Syk, in mediating the development of mature
creased lck promoter activity (Allen et al., 1992) andT cells.
the decreased level of expression of the HA-Syk Tg in
peripheral T cells (Figure 1A), the reconstituted cellsReconstitution of TCR Signaling Functions
proliferated only 10%±20% as well when compared toby the Syk PTK
the proliferation of wild-type cells (Figure 5B). Hence,To determine whether thymocytes from syk Tg1 zap-
the range of ZAP-70 and Syk protein required for T cell702/2 mice are capable of eliciting intracellular signals,
function can be regulated through a narrow range ofthe ability of the TCR to induce increases in free cyto-
plasmic calcium ([Ca21]i) was investigated. As previously expression.
Immunity
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Figure 3. Restoration of Calcium Mobiliza-
tion by the Syk PTK
Thymocytes isolated from zap-702/2 (A), zap-
701/2 (B), and syk Tg1 zap-702/2 (C and D)
littermates were analyzed by spectrofluori-
metry as described in Experimental Proce-
dures. Cells at equilibrium were cross-linked
first with a biotinylated anti-CD3e MAb (2C11,
5 mg/ml) and subsequently with avidin (10 mg/
ml) as denoted by the arrows. Thymocytes
isolated from syk Tg1 zap-702/2 mice were
not further cross-linked with avidin in (C).
Requirement of CD45 for Syk intestinal intraepithelial gd T cells in zap-702/2 mice. No
gd1 T cells were found in the intestinal intraepitheliumin Thymocyte Development
Recent studies in Jurkat T cells have suggested that of zap-702/2 mice (Figure 7B). In addition, no ab T cells
were detected in the intestinal intraepithelium (data notSyk can function to bypass the requirement for CD45
in TCR signal transduction, presumably by circum- shown). Expression of the syk Tg did not restore devel-
opment of the intestinal intraepithelial gd T cells (IELs),venting the requirement for Src family PTKs (Couture et
al., 1994; Chu et al., 1996). Using transient overexpres- though the level of expression achieved in this popula-
tion has been difficult to measure due to technical limita-sion of syk under the control of the EF-2a promoter,
Syk reconstituted TCR-mediated NF-AT transcriptional tions. In contrast, splenic gd T cells were present in both
zap-702/2 and zap-701/2 mice (Figure 7A). Together,activation in either Lck-deficient (JCam1.6) and CD45-
deficient (J45.01) cells. In addition, Syk is tyrosine phos- these studies demonstrate differential roles of ZAP-70
and Syk PTKs in gd T cell development.phorylated in Lck-deficient cells. To examine whether
overexpression of Syk would circumvent the require-
ment for CD45 in thymocyte development, syk Tg1 mice Discussion
were crossed with CD452/2 mice to produce syk Tg1
CD452/2 mice. Transgene expression was confirmed by We report here the ability of the Syk PTK to compensate
for the absence of ZAP-70 in the development of ab TSouthern analysis (data not shown) and Western blot
analysis for the HA-epitope (Figure 6A). As previously
observed (Kishihara et al., 1993; Byth et al., 1996),
CD452/2 mice are arrested in thymocyte development
at the DP TCR1 stage. Expression of the syk Tg was
unable to rescue development of either CD41 or CD81
SP thymocyte populations (Figure 6B). Similarly, no T
cells were found in the spleen (Figure 6C). Hence, ex-
pression of Syk at equimolar levels as endogenous ZAP-
70 cannot bypass the defect in CD452/2 mice.
Requirement for ZAP-70 in the Development
of Intestinal Epithelial, but Not
Peripheral, gd T Cells
In addition to ab T cell development, genetic studies
have also demonstrated the requirement of Src- and
Syk-PTKs in gd T cell development. Mice deficient in lck
have normal numbers of intestinal intraepithelial gd T
cells (Penninger etal., 1993; Fujise et al., 1996). However,
maturation of peripheral gd T cells is severely affected.
While ab T cell development and function are normal in
syk2/2 mice (Cheng et al., 1995; Turner et al., 1995), gd
T cells fail to develop in the skin and intestines (Turner et
Figure 4. Restoration of Cell Surface Activation Markers by the Sykal., 1995; Mallick-Wood et al., 1996). However, immature
PTK
precursors of the gd lineage that have lost their TCR-
Thymocytes (2 3 106 cells) isolated from zap-702/2 (left), zap-701/2restricted tissue specificity are present in these ex-
(middle), or syk Tg1 zap-702/2 (right) littermates were stimulated
trathymic epithelial tissues of syk2/2 mice. with immobilized anti-TCRb MAb (H57±597, 10 mg/ml) and analyzed
To evaluate the contribution of ZAP-70 to gd T cell for cell surface expression of CD69 as described in Experimental
Procedures.development, we analyzed the presence of splenic and
ZAP-70 and Syk PTKs in Thymocyte Development
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BCR complex, presumably by coupling to ZAP-70
(Costa et al., 1992). In addition, the Src homology 2
domains of ZAP-70 and Syk have comparable avidities
for the doubly phosphorylated TCR-encoded ITAM
(immunoreceptor tyrosine-based activation motif) se-
quences (Bu et al., 1995). Moreover, observations in
cells derived from human T-lymphotrophic virus type I
from patients with severe combined immunodeficiency
lacking ZAP-70 express higher levels of Syk than control
cells and demonstrate some TCR-mediated signaling
events (Gelfand et al., 1995). Together, these ex vivo
studies support the notion of overlapping functions of
ZAP-70 and Syk in receptors utilizing immunoreceptor
tyrosine±based motifs.
Both ZAP-70 and Syk are expressed in DN thymocytes
and can interact with the pre-TCR-associated e and z
signaling subunits upon cross-linking of the pre-TCR
complex (Chan et al., 1994c; van Oers et al., 1995). Sur-
prisingly, neither the syk2/2 nor the zap-702/2 mice dem-
onstrate a block at the DN stage (Cheng et al., 1995;
Negishi et al., 1995; Turner et al., 1995). However, mice
deficient in both ZAP-70 and Syk completely fail to gen-
erate any DP thymocytes (Cheng et al., 1997). Together,
these studies implicate the Syk-PTKs in pre-TCR signal-
ing and demonstrate largely overlapping functions of
these two PTKs in mediating pre-TCR function. The in-
ability of Syk to promote the transition of DP TCRlo thy-
mocytes to DP TCRhi or SP thymocytes in zap-702/2Figure 5. T Cell Proliferation in Syk-Reconstituted Mice
mice, however, raised the possibility that ZAP-70 may
(A) Restoration of cellular proliferation in thymocytes by the Syk
uniquely function in the development of the more maturePTK. Thymocytes (5 3 105 cells/well) isolated from zap-701/2 (left),
thymocytes (Negishi et al., 1995; Cheng et al., 1997).zap-702/2 (middle), or syk Tg1 zap-702/2 mice were incubated with
media alone (open bar), immobilized anti-CD3e MAb (2C11, 10 mg/ Our studies here, however, demonstrate that overex-
ml, dark hatched bar), the combination of PMA and immobilized pression of Syk, in the absence of ZAP-70, is sufficient
anti-CD3e MAb (2C11, 10 mg/ml, solid gray bar), or the combination to restore the signaling ability of the ab-TCR and to
of PMA and ionomycin (open hatched bar). Incorporation of mediate the maturation of the DP TCRhi and SP thymo-
[3H]thymidine was measured at 72 hr. Samples were analyzed in
cytes. Hence, ZAP-70 itself does not play a unique func-triplicate and standard deviations denoted as error bars.
tion in the development of the DP TCRhi or SP thymo-(B) Decreased cellular proliferation of peripheral T cells expressing
decreased Syk. Splenocytes (5 3 105 cells/well) isolated from zap- cytes.
701/2 (left) or syk Tg1 zap-702/2 mice were incubated with media While Syk is expressed in DN and DP thymocytes
alone (open bar), immobilized CD28 MAb (37.51, 10 mg/ml; dark (Chan et al., 1994c), its inability to promote the subse-
hatched bar), the combination of anti-CD3e MAb (2C11, 10 mg/ml) quent development of DP TCRhi or SP thymocytes in
and anti-CD28 MAb (37.51, 10 mg/ml) (solid gray bar), or the combi-
zap-702/2 mice also suggests distinct signaling require-nation of anti-CD3e MAb (2C11, 10 mg/ml) and PMA (solid black
ments in DN and DP thymocytes that in part may reflectbar). Samples were analyzed in triplicate and standard deviations
denoted as error bars. Splenocytes from zap-702/2 mice are not differences in signaling requirements of the pre-TCR
shown here since they do not have any peripheral T cells. and ab-TCR complexes. While signaling through the
pre-TCR occurs independent of the CD4 or CD8 core-
ceptors, efficient signaling through the ab-TCR requires
cells. Expression of a syk transgene under the control synergism with coreceptors. Hence, the signals gener-
of the heterologous lck proximal promoter in zap-702/2 ated through the pre- and ab-TCRs in promoting matu-
mice restored the development of both CD4 and CD8 ration of DP and SP thymocytes, respectively, are dis-
SP thymocyte and splenocyte populations. Thymocytes tinct. Whether these differences reflect the effects of
expressing Syk were fully functional as measured by additional signals (e.g., cytokine receptors) or merely
their ability to increase [Ca21]i, to up-regulate early T reflect differences in the signals generated by the pre-
cell activation markers, and to proliferate in response and ab-TCRs remain unclear.
to TCR activation. Together, these findings support the Differences in signaling by various forms of TCRs are
overlapping capabilities of ZAP-70 and Syk in develop- further evident in observations regarding the develop-
ment of ab T cells. ment of gd T cell subsets. While Lck plays a critical role
The functional interchangeability of ZAP-70 and Syk in the development of thymus-derived gd T cells, lck2/2
in lymphocyte antigen receptor function has been sug- mice develop normal numbers of IELs and only modest
gested by studies in many cellular systems. B cells defi- decreases in Vg3 bearing dendritic epithelial T cells
cient in syk have a nonfunctional B cell receptor (BCR) (DETCs) (Penninger et al., 1993; Fujise et al., 1996; Page
that can be restored by the expression of ZAP-70 (Ta- et al., 1997). In contrast, deletion of both lck and fyn
kata et al., 1994; Kong et al., 1995). Conversely, expres- results in the absence of splenic gd T cells and a further
decrease in the number of DETCs when compared tosion of the BCR in a T cell line results in a fully functional
Immunity
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Figure 6. Requirement for CD45 in Syk Function
(A) Protein expression of HA-Syk in CD452/2 derived mice. Thymocytes (107 cells/lane) from CD451/2 (lane 1), CD452/2 (lane 2), or syk Tg1
CD452/2 (lane 3) littermates were analyzed by Western blot analysis using an anti-HA MAb.
(B) Requirement for CD45 for Syk function in thymocyte development. Flow cytometric analysis of thymocytes from CD451/2 (left), CD452/2
(middle), or syk Tg1 CD452/2 (right) littermates. Representative fluorescence staining profiles of CD4 and CD8 (top) are shown for littermates.
Single parameter histograms demonstrate the relative levels of CD3 (middle) and CD45 (bottom) expression (n 5 2).
(C) Requirement for CD45 in Syk function for peripheral T cells. Flow cytometric analysis of splenocytes from CD451/2 (left), CD452/2 (middle),
or syk Tg1 CD452/2 (right) littermates. Representative fluorescence staining profiles of CD4 and CD8 (top) are shown for littermates. Single
parameter histograms demonstrate the relative levels of CD3 (middle) and CD45 (bottom) expression (n 5 2).
lck2/2 mice (Groves et al., 1996; van Oers et al., 1996). vation of ZAP-70 and Syk have been described using
a variety of cellular systems. Whereas cross-linking ofThe ability of an activated fyn transgene to restore
splenic gd T cells further supports the notion of overlap- transmembrane chimeric receptors containing Syk is
sufficient to induce increases in [Ca21]i and cytolysis,ping but not identical roles for these two Src-PTKs in
gd T cell function (Groves et al., 1996). Evidence also cross-linking of a ZAP-70 chimera is sufficient to induce
calcium but required co-cross-linking with a Fyn chi-exists to support overlapping, but not identical roles,
for ZAP-70 and Syk in gd T cell function. While syk2/2 mera for cytolysis (Kolanus et al., 1993). Studies in COS
cells have also provided conflicting results. In somemice develop no mature gd T cells in the skin and intesti-
nal intraepithelium (Turner et al., 1995; Mallick-Wood et studies, expression of Sykand ZAP-70 required cotrans-
fection of a Src-PTK to induce tyrosine phosphorylational., 1996), some immature gd precursors are detected.
Conversely, zap-702/2 mice fail to develop any gd T cells of the PTKs and cellular proteins (Chan et al., 1994c;
Kurosaki et al., 1994). In contrast, others have demon-in the intestines and have normal numbers of splenic
gd T cells. Hence, the cellular context of the various gd strated that expression of Syk is sufficient to induce
tyrosine phosphorylation of cellular proteins (CoutureT cell subsets and the types of antigens they engage
may both contribute to their distinct requirements for et al., 1994). In addition, Syk, but not ZAP-70, can be
activated by the binding to peptides encoding a doublyZAP-70 and Syk in their selection, homing, and expan-
sion. The absence of IELs in both zap-702/2 and syk2/2 phosphorylated ITAM sequence (Rowley et al., 1995;
Shiue et al., 1995), although multimerization of the dou-mice is intriguing and suggests that both PTKs may be
required for normal IEL function. Whether their absence bly phosphorylated ITAM sequence may be able to acti-
vate ZAP-70 in vitro (LoGrasso et al., 1996). Together,in either zap-702/2 or syk2/2 mice reflects a dosage ef-
fect or whether these two highly related PTKs regulate these biochemical and cellular studies indicate different
activation requirements between ZAP-70 and Syk. Re-differing functions in IEL development, migration, and/
or expansion requires additional investigation. cently, expression of Syk, but not ZAP-70, in Lck- and
CD45-deficient T cell lines has been demonstrated toBiochemical and mechanistic differences in the acti-
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abnormalities (Pingel and Thomas, 1989; Koretzky et al.,
1990), CD452/2 B cells demonstrate more incomplete
signaling defects (Benator et al., 1996; Cyster et al.,
1996). These differences, however, may again reflect
differences in the level of expression of Syk/ZAP-70 in
T and B cells. Syk protein expression is z5-fold greater
in B cells than in thymocytes and this higher level of
expression may be sufficient to bypass the requirement
of CD45 (Chan et al., 1994c). Hence, Syk expression at
higher levels may be able to compensate for the defi-
ciency in CD45 in restoring T cell development. In addi-
tion, the signaling balance between PTKs and protein
tyrosine phosphatases may differ in T and B cells. While
the former is activated through a combination of low-
avidity interactions involving intercellular interactions,
B cells are activated through a high-affinity interac-
tion involving soluble antigen or antigen/antibody com-
plexes. Hence, the cellular context may also determineFigure 7. Requirement for zap-70 in gd T Cell Development
the signaling requirements for cellular activation and(A) Splenic gd T cells. Splenocytes isolated from zap-701/2 (left),
proliferation. While our studies here demonstrate the inzap-702/2 (middle), syk Tg1 zap-702/2 (right) mice were examined
by flow cytometric analysis. Representative single parameter histo- vivo overlapping homologies and signaling require-
grams demonstrate the relative levels of gd TCR (GL3) expression ments between ZAP-70 and Syk in mediating pre- and
(n 5 2). The dark line represents gd TCR expression while the dotted ab-TCR function, additional investigation is required to
line represents an IgG1 MAb control.
dissect their nonoverlapping functions in facilitating(B) Intestinal intraepithelial gd T cells. Flow cytometric analysis of
other receptor-mediating signaling events.intestinal intraepithelial lymphocytes were isolated from zap-701/2
(left), zap-702/2 (middle),syk Tg1 zap-702/2 (right) mice. Representa-
tive single parameter histograms demonstrate the relative levels of Experimental Procedures
gd TCR (GL3) expression (n 5 2).
Generation of syk Tg1 zap-702/2 and syk Tg1 CD452/2 Mice
The human syk cDNA (bp 185±2280; Law et al., 1993) was appended
with an HA epitope at its amino (N) terminus to facilitate protein
restore TCR-dependent NF-AT induction, evidence indi- analysis. The HA-hSyk gene was expressed under the proximal lck
cating that Syk can function through CD45 and Lck- promoter using the p1017 vector (Allen et al., 1992). Injection of the
independent mechanisms (Couture et al., 1994; Chu et hsyk Tg into C57/B6 blastocysts and implantation into pseudopreg-
nant C57/B6 mice were performed as previously described (Merazal., 1996). The failure of the syk Tg to restore thymocyte
et al., 1996). Founder mice were screened for Tg expression usingdevelopment in CD452/2 mice suggests that Syk is still
a probe encoding the 39-human growth hormone gene. syk Tg1 micedependent upon CD45 (Figure 6). Hence, our in vivo
were crossed with zap-702/2 to generate syk Tg1 zap-701/2 mice,
studies here demonstrate that both ZAP-70 and Syk which in turn were crossed with zap-702/2 mice for two generations
require CD45 for ab T cell development. The differences to generate syk Tg1 zap-702/2 mice. All mice examined were hemizy-
in our studies in CD452/2 mice with the results observed gous for the syk Tg. Genotyping for zap-70 was performed by South-
ern analysis (Negishi et al., 1995).in J45.01 (CD45-deficient Jurkat T cells) may reflect dif-
syk Tg1 CD452/2 mice were generated by crossing the syk Tg1ferences in the threshold for activation and/or differ-
B6 founders with CD452/2 mice to generate syk Tg1 CD451/2 mice.ences in the level of expression of Sykand ZAP-70 PTKs.
In turn, the F1 mice were crossed with CD452/2 mice to generate
In addition, the signaling threshold required for T cell syk Tg1 CD452/2 mice. CD452/2 mice had been backcrossed greater
development may also differ from those in J45.01. than 6 generations with C57/B6 mice. Transgene and CD45 expres-
Whereas Syk may be able to bypass the requirement sion were confirmed by Southern, Western, and FACS analysis.
for CD45 in J45.01 cells (Couture et al., 1994; Chu et
Antibodies and Protein Analysisal., 1996), the threshold of TCR activation required to
Antibodies used for protein analysis in this study include: 12CA5,mediate development of SP thymocytes may be sub-
an anti-HA epitope MAb (Boehringer Mannheim), 4G10, an anti-stantially higher. A recent study of Syk activation
phosphotyrosine MAb (UBI), PY20, an anti-phosphotyrosine MAb
demonstrates that while Syk can be activated through (ATCC), a rat anti-mouse CD45 MAb (30F11.1, PharMingen, San
both autophosphorylation independent of Src-PTKs Diego, CA), an anti-Syk MAb (UBI), and an anti-ZAP-70 antiserum
raised against amino acids 285±298 of hZAP-70 (Chan et al., 1992).and transphosphorylation mediated by Src-PTKs, Src-
Cells were lysed at 2 3 108 cells/ml in 10 mM Tris (pH 8.0), 150 mMdependent transphosphorylation was required for the
NaCl, 1% NP-40, phenylmethylsulfonyl fluoride, aprotinin, leupeptin,initiation of activation while autophosphorylation ap-
pepstatin, EDTA, soybean trypsin inhibitor, sodium fluoride, andpeared to function in signal amplification (El-Hillal et al.,
sodium orthovanadate (lysis buffer). Lysates were clarifed by centrif-
1997). Hence, Src-PTKs would still be required for the ugation at 14,000 3 g for 10 min at 48C. Baculoviral encoded PTKs
initiation of Syk activation, but can be overcome by cloned in the PVL1393 vector were infected using insect Sf9 cells
as previously described (Bubeck-Wardenburg et al., 1996). PTKsoverexpression to favor activation through autophos-
were purified using GST-glutathione Sepharose (Pharmacia) andphorylation.
quantitated by Coommassie blue staining. Proteins were resolvedInterestingly, while CD452/2 mice demonstrate devel-
by sodium dodecyl sulfate±polyacrylamide gel electrophoresis andopmental defects in thymocyte development, CD452/2
analyzed by Western blot analysis.
mice have normal numbers of B cells (Kishihara et al., Quantitative Western blot analysis was performed in two ways.
1993; Byth et al., 1996). Moreover, while CD45-deficient First, enhanced chemiluminescence (ECL, Amersham) was used to
establish a linear range of PTKprotein standards and then comparedT cells demonstrate significant TCR-mediated signaling
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with different amount of cell lysates to ensure that the amount of Bu, J.-Y., Shaw, A.S., and Chan, A.C. (1995). Analysis of the interac-
tion of ZAP-70 and syk protein-tyrosine kinases with the T-cell anti-protein expressed was within the linear scale. Second, [125-I]protein
A (NEN) was used as the secondary blotting agent and analyzed on gen receptor by plasmon resonance. Proc. Natl. Acad. Sci. USA 92,
5106±5110.a phosphorimager (Molecular Dynamics, Sunnyvale, CA). Quantita-
tion of immunoblots was performed by using IMAGE QUANT Bubeck-Wardenburg, J., Fu, C.F., Jackman, J., Flotow, H., Wilkin-
software. son, S., Williams, D., Kong, G.H., Johnson, R., Chan, A.C., and Fin-
dell, P. (1996). Phosphorylation of SLP-76 by the ZAP-70 protein
tyrosine kinase is required for T cell receptor function. J. Biol. Chem.Activation of T Cells
271, 19641±19644.For analysis of [Ca21]i mobilization following TCR cross-linking, cells
Byth, K.F., Conroy, L.A., Howlett, S., Smith, A.J., May, J., Alexander,were incubated with the calcium-sensitive dye Fura-2 and analyzed
D.R., and Holmes, N. (1996). CD45-null transgenic mice reveal aby spectrofluorimetry as previously described (Kong et al., 1995).
positive regulatory role for CD45 in early thymocyte development,In brief, cells were incubated with a biotinylated anti-CD3e MAb
in the selection of CD41CD81 thymocytes, and B cell maturation.(2C11, 5 mg/ml) and cross-linked with avidin (10 mg/ml). Appropriate
J. Exp. Med. 183, 1707±1718.loading of cells were monitored by the ability of cells to increase
[Ca21]i in response to ionomycin. The maxima and minima to deter- Chan, A., Iwashima, M., Turck, C., and Weiss, A. (1992). ZAP-70: a
mine absolute calcium concentrations were obtained by lysing cells 70 kDa protein tyrosine kinase that associates with the TCR z-chain.
with Triton X-100 and quenching with EDTA, respectively. Cell 71, 649±662.
Analysis for cell surface activation markers was performed by Chan, A., Desai, D.M., and Weiss, A. (1994a). Role of protein tyrosine
incubating 106 cells/ml in media alone, in wells immobilized with kinases and protein tyrosine phosphatases in T cell antigen receptor
anti-CD3e MAb (2C11, 10 mg/ml) or anti-TCRb (H57597, 10 mg/ml), signal transduction. Annu. Rev. Immunol. 14, 555±592.
media containing Con A (1 mg/ml), or media containing PMA (1 Chan, A., Kadlecek, T., Elder, M., Filipovich, A., Grey, J., Iwashima,
mg/ml). Cell surface expression of CD69 and CD5 were analyzed M., Parslow, T., and Weiss, A. (1994b). ZAP-70 protein tyrosine
following an 18 hr incubation using a FACScan (Becton Dickinson). kinase deficiency in an autosomal recessive form of severe com-
Antibodies used for analysis of cell surface markers included: FITC- bined immunodeficiency. Science 264, 1599±1601.
and PE-conjugated anti-CD3e, CD4, CD8, CD69, and CD5 MAbs
Chan, A., van Oers, N., Tran, A., Turka, L., Law, C.-L., Ryan, J., Clark,(PharMingen).
E., and Weiss, A. (1994c). Differential expression of ZAP-70 and SykFor proliferation assays, thymocytes were plated into a 96-well
protein tyrosine kinases and role of this family of PTKs in T cellround bottom plate at 5 3 105 cells/well. At 70 hr, [3H]thymidine was
antigen receptor signaling. J. Immunol. 152, 4758±4766.added at 1 mCi/well and incubated for an additional 20 hr before
Chan, A.C., Dalton, M., Johnson, R., Kong, G.-h., Wang, T., Thoma,being harvested and incorporation determined. Cells were treated
R., and Kurosaki, T. (1995). Activation of ZAP-70 kinase activity bywith media alone, immobilized anti-CD3e (2C11, 10 mg/ml) or anti-
phosphorylation of tyrosine 493 is required for lymphocyte antigenTCRb (H57.597, 10 mg/ml) MAbs, or media containing PMA (1 mg/
receptor function. EMBO J. 14, 2499±2508.ml) and ionomycin (500 ng/ml). In other experiments, cells were
Cheng, A.M., and Chan, A.C. (1997). Protein tyrosine kinases intreated with media alone or immobilized anti-CD3e (2C11, 10 mg/
thymocyte development. Curr. Opin. Immunol., in press.ml), anti-CD28 (37.51, 10 mg/ml, Pharmingen, San Diego CA), or anti-
CD3e (2C11, 10 mg/ml) and anti-CD28 (37.51, 10 mg/ml). Cheng, A.M., Rowley, R.B., Pao, W., Hayday, A., Bolen, J.B., and
Pawson, T. (1995). Syk tyrosine kinase required for mouse viability
and B-cell development. Nature 378, 303±306.Isolation of Intestinal Intraepithelial Lymphocytes
Cheng, A.M., Negishi, I., Anderson, S.J., Chan, A.C., Bolen, J., Loh,The small intestine was dissected, rid of Peyer's patches, andplaced
D.Y., and Pawson, T. (1997). Arrested development of double nega-in HBSS, 5% fetal calf serum. Each intestine was cut into smaller
tive thymocytes in mice lacking both the Syk and ZAP-70 tyrosinepieces and incubated in 50 ml HBSS, 5% fetal calf serum, 0.15 mg/
kinases. Proc. Natl. Acad. Sci. USA, in press.ml dithiothreitol and allowed to incubate for 30 min at 378C. The
remaining tissue was again resuspended into dithiothreitol-con- Chu, D.H., Spits, H., Peyron, J.-F., Rowley, R.B., Bolen, J.B., and
taining media and thecell suspensions combined. Cells werepassed Weiss, A. (1996). The Syk protein tyrosine kinase can function inde-
pendently of CD45 or Lck in T cell antigen recpetor signaling. EMBOover a 20 ml syringe with 1 gof glass wool and flowthrough collected.
J. 15, 6251±6261.The flowthrough was pelleted and purified over a Percoll gradient.
Live cells at the interface were collected, washed, and prepared for Costa, T.E., Franke, R., Sanchez, M., Misulovin, Z., and Nussen-
analysis. zweig, M.C. (1992). Functional reconstitution of an immunoglobulin
antigen receptor in T cells. J. Exp. Med. 175, 1669±1676.
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